Abstract -We demonstrate an enhanced double-pass erbium-doped fiber amplifier for multichannel amplification. The multichannel selection is formed by combining a demultiplexer and a multiplexer together in the fiber-loop mirror. The structure is able to filter out the amplified spontaneous emission that saturates the amplifier gain in the small signal regime. The maximum average gain of 47.2 dB is obtained with a gain enhancement of 12.8 dB at a -50-dBm signal power per channel. The noise figure penalty is almost negligible for a signal power per channel of less than -15 dBm.
INTRODUCTION
Double-pass optical amplifiers have attracted lots of interests from researchers around the globe due to their advantage of having a higher gain compared to the conventional single-pass optical amplifiers. This significant advantage has led to the advancement of research in the C-[1], L- [2] , and S-[3] amplification bands. However, the generation of an amplified spontaneous emission (ASE) in optical amplifiers is unavoidable. This contributes to the effect known as the ASE selfsaturation. In this case, the ASE accumulates more amplification energy and becomes dominant in the optical amplifier. Thus, the ASE is treated as the saturating tone, which limits the amplification of the signal especially in the low-signal power regime [4, 5] .
In order to reduce this effect, a narrow bandpass filter is utilized to filter out the unwanted ASE; therefore, the process of the stimulated emission onto the signal photons is significantly enhanced [6] [7] [8] . As a result, the gain of the signal is improved compared to the conventional single-pass optical amplifier. This technique can be applied to any rare-earth doped optical amplifier. However, the inclusion of the bandpass filter introduces another challenge in which it limits only the single channel [6] [7] [8] . Hence, it is not suitable for multichannel systems. In order to overcome this problem, the structure of a double-pass optical amplifier must be redesigned to suit this requirement.
In this paper, an enhanced structure for the doublepass erbium-doped fiber amplifier (EDFA) is demonstrated. The new configuration consists of a dual-stage amplifier design in which the double-pass amplification occurs in the first-stage amplifier. The multichannel filter is formed by the pair of a multiplexer (MUX) and a demultiplexer (DMUX), inserted in the loop mirror in the first-stage amplifier. The second-stage amplifier is formed utilizing a single-pass amplifier design to act as the power amplifier. In this paper, a maximum average gain of around 47.2 dB is obtained from this proposed amplifier structure.
EXPERIMENTAL CONFIGURATIONS
In this research, the effect of inserting a pair of MUX/DMUX in the double-pass EDFA is investigated. In our work, the number of channels is limited to only four due to the limitation of the optical devices in our laboratory. However, the idea is still valid for a large number of channels in which the arrayed waveguide can be utilized as the multichannel filters. The doublepass EDFA structure is constructed by two optical amplifier stages as depicted in Fig. 1 . The conventional double-pass optical amplifier is shown in Fig. 1a and, on the other hand, the enhanced structure of a doublepass EDFA is illustrated in Fig. 1b . The first-stage amplifier configuration provides a double-pass amplification utilizing a fiber loop mirror. This amplifier stage acts as a preamplifier and the power amplifier is provided by the second-stage amplifier in a backwardpumped configuration. Two pump lasers at 980 nm with a maximum output power of 90 mW are deployed in each amplifier stage. The pump light is launched into 10-and 7-m-long erbium-doped fibers (EDF) through a wavelength division multiplexer (WDM). The EDF is characterized by 440 ppm of an Er 3+ ion concentration, a numerical aperture of 0.27, a cutoff wavelength of 840 nm, and a peak absorption of 6 dB/m at 1527 nm.
For both EDFA designs, the first circulator (CIR 1) is used to block the ASE generated from the secondstage amplifier. Therefore, the first-stage amplifier is not affected by this unwanted noise that degrades the signal amplification performance and, at the same time, the noise is also added within the signal bandwidth. The fiber loop mirror is constructed by utilizing the second circulator (CIR 2) as depicted in Fig. 1 . In order to provide the feedback mechanism, port 1 of CIR 2 is connected to the MUX/DMUX filter output and port 3 is connected to the MUX/DMUX filter input. The MUX and DMUX filters are characterized by a 0.8-nm (100 GHz) channel spacing and an insertion loss of 4 dB at the multiplexed wavelengths of 1550.92, 1550.12, 1549.32, and 1548.51 nm. The total insertion loss of the setup is shown in Fig. 1b without EDF is 10 dB (two circulators, two WDMs, and a pair of MUX/DMUX).
RESULTS AND DISCUSSION
In order to evaluate the performance of the optical amplifiers, the pump power for both amplifier stages is fixed to 90 mW throughout the experiment. Then, the signal power is varied from -50 to 0 dBm per channel power. The measured performance parameters of the gain and noise figure are depicted in Fig. 2 . The conventional EDFA structure experiences a gain saturation that limits its performance only up to 30 dB when the signal powers are less than -25 dBm. On the other hand, the gain values of the proposed EDFA structure increase gradually in this range of the signal power; a maximum gain of 47.2 dB is obtained at a -50-dBm signal power at 1550.92, 1550.12, 1549.32, and 1548.51 nm. This result translates to an average gain 
